The Onderstepoort strain of canine distemper virus (CDV) which has been adapted to newborn Swiss mice was used in a study in weanling mice. Intracerebral inoculation of newborn mice with either the parent or mouse-adapted virus strain led to mortality in 100~ of the animals. In weanling mice the parent virus produced less than 10~o mortality, whereas the mouse-adapted strain killed approximately 40 ~ of the animals and this was not dose-dependent. Although a meningitis was observed in the surviving mice, the occurrence of viral antigens was less widespread in the brain of weanling mice than in the brain of newborn mice, and could not be detected more than 5 months after infection. In long-term experiments two phenomena were observed. At 4 to 6 months post-infection up to 30 ~ of the mice became obese; however, no viral antigens were detected in the brains. At 13 to 17 months post-infection a number of mice became paralysed and virus antigen could be detected in the brain and lymph glands; however, infectious virus could not be isolated. These observations are discussed in relation to neurological infection and metabolic disease.
INTRODUCTION
During long-term cultivation in vitro of ceils persistently infected with vesicular stomatitis virus, there is an accumulation of mutations within the viral genome, which in turn leads to the attenuation of the biological properties of the virus (Holland et al., 1979 (Holland et al., , 1982 . Such 'attenuated' virus can initiate persistent infections much more readily than the parental virus (Wild & Dugr6, 1978; Holland et al., 1982) . The mutations responsible for these biological changes are dispersed among a number of genes (Holland et al., 1982) . In contrast to these studies, experiments to determine markers of virulence with reovirus (Spriggs & Fields, 1982) and rabies virus (Coulon et al., 1982) have shown that avirulent variants can be selected with antiviral haemagglutinin monoclonal antibody. Thus, single amino acid changes can lead to attenuation. However, further studies with reovirus have shown that at least two other genes can be implicated in virulence (Hrdy et al., 1982; Mustoe et al., 1978) . Similarly, the virulence of influenza virus has been shown to be multifactorial (Mayer et al., 1973; Rott, 1979) . Thus, it is probable that the virus surface antigens responsible for cell attachment determine the tropism of the virus and the other virus genes play a role in regulating expression within a given cell. Furthermore, it has been demonstrated that the reovirus gene $4, which controls the shut-offof host cell metabolism, is implicated in the ability to provoke persistent infections (Weiner et al., 1977) .
We have studied the virulence of canine distemper virus (CDV) and its involvement in chronic infections. In its natural host, CDV is extremely virulent producing a high mortality rate. In certain cases, a demyelinating encephalitis may develop weeks, months or years after the initial systemic disease (Cordy, 1942; Appel, 1969; Appel & Gillespie, 1972; Koestner & Krakowka, 1977) . Occasionally, a demyelinating encephalitis known as old dog encephalitis develops without any preceding clinical illness in aged and immunized dogs (Cordy, 1942; Lincoln et al., 1971) .
0022-1317/83/0000-5584 $02.00 © 1983 SGM We were interested in developing a small animal model for CDV infections to study both virulence and chronic infections. The Onderstepoort strain of CDV was adapted to newborn Swiss mice and used to study infections in weanling mice. We have observed that this neuroadapted strain can induce a chronic neurological infection in mice and in certain animals it induces an obesity syndrome.
METHODS

Cells and viruses.
Veto cells were cultivated in Eagle's minimum essential medium containing 10~ inactivated foetal calf serum and antibiotics (100 units/ml penicillin and 100 ~tg/ml streptomycin).
The Onderstepoort strain of CDV was originally obtained from the Institut M6rieux (Lyon, France) and was subsequently cloned in Vero cells. This cloned virus was then given 10 successive intracerebral passages in newborn Swiss mice (G. Bijlenga, Ecole V+t&inaire, Lyon, France) and subsequently recloned on Vero cells. Viruses were titrated by the plaque assay method (Wild & Dugr6, 1978) .
To prepare radiolabelled virus-induced proteins, confluent monolayers of Vero cells (5 x 106 cells) were infected with CDV (1 p.f.u./ml) and incubated in Eagle's medium containing 2~ foetal calf serum. After 20 h when a cytopathic effect involved half the monolayer sheet, the cells were incubated in methionine-deficient medium for 1 h prior to labelling with 50 ~tCi/ml [35S]methionine (sp. act. 1040 mCi/mmol; Amersham International) for 2 h. The cells were lysed and processed for immunoprecipitation as previously described (Giraudon & Wild, 1981) .
SDS-polyacrylamide gel etectrophoresis (SDS-PAGE).
Virus polypeptides were electrophoresed on 10~o polyacrylamide gels as described by Laemmli (1970) . Protein bands were detected after fluorography (Bonner & Laskey, 1974) . 14C-labelled protein standards, myosin (200K), phosphorylase b (92.5K), bovine serum albumin (69K), ovalbumin (46K) and carbonic anhydrase (30K), were purchased from Amersham International.
Brain sections, immunofluorescence, histology. Brains were removed from the animals, frozen at -170 °C, sectioned on a cryostat (Reichert Jung) at 10 to 12 ~tm and then fixed with cold acetone for 10 min. For immunofluorescence studies, brain sections were incubated with an anti-CDV rabbit serum and then with a fluorescein-conjugated anti-rabbit ~,-globulin (Behringwerke, Marburg, F.R.G.).
For histological examination, the brains were fixed in 10~ formol solution and paraffin-embedded. The brains were sectioned frontal-vertically and stained with either haematoxylin-eosin, luxol fast blue, periodate-Schiff's reagent or by the Spielmayer technique for staining myelin.
RESULTS
Mouse-adapted CD V
Although the Onderstepoort strain of CDV produced high mortality in newborn Swiss mice, less than 10~o of weanlings inoculated intracerebrally died. To aid our studies a more virulent strain was obtained by intracerebral inoculation of newborn Swiss mice for 10 serial passages. This mouse-adapted strain gave up to 40~ mortality when inoculated into weanling (4-weekold) mice. The amount of virus inoculated (20 to 20000 p.f.u./mouse) did not affect the percentage mortality, only the onset of the disease (Fig. 1) .
The mouse-adapted virus had similar biological properties to the original strain including growth rates, thermosensitivity and plaque size. Analysis of the haemagglutinin (HA), phosphoprotein (P), nucleoprotein (NP), haemolysin (F) and matrix (M) polypeptides by SDS-PAGE revealed no differences in their migration, but partial peptide mapping (Cleveland et al., 1977) distinguished modifications in the M, NP and HA polypeptides (date not shown).
CD V infection of weanling Swiss mice
To examine the long-term evolution of CDV infections, weanling Swiss mice were inoculated with 2 × 103 p.f.u./mouse (adapted strain). During the first 21 days, when mortality reached 40~, low levels of virus could be isolated directly from the brain (102 to 103 p.f.u./g). However, at later times infectious virus could not be detected.
Histological examination of the mice during the first month after infection revealed a meningitis in the forebrain. This was accompanied by an infiltration of mononuclear lymphocytes giving rise to inflammation and perivascular cuffing. There was also a cortical oedema. The midbrain lesions were similar but less intense, and in the hindbrain inflammation was restricted to the base where a gliosis was found. . Lanes 1 to 4, 1 month after infection; lanes 5 and 8, uninfected mice; lanes 6, 7 and 9 to 11, 4 months after infection.
axial white matter but there was a swelling of the myelin sheaths. Virus inclusions were rarely found, and then only in the cytoplasm of astrocytes. Studies on animals at later times after infection revealed that, with time, the histopathological lesions became less important and by 6 months had disappeared. Virus antigen could be detected in infected mouse brain by immunofluorescence. During the first 2 weeks of infection, virus antigen was identified in all regions of the brain, but at later times, in accordance with the histological results, became less abundant and was eventually restricted to the frontal lobes (Fig. 2) . No virus antigen was detected after 5 months.
The presence and specificity of serum CDV antibody in the infected animals was examined after immunoprecipitation against [3SS]methionine-labelled CDV-induced virus proteins and analysis by SDS-PAGE (Fig. 3) . Antibody against the major virus structural proteins HA and NP was present throughout the 12 month period examined, but M antibody was difficult to demonstrate. In individual animals, the amount of antibodies against the P polypeptide was variable.
To attempt to reactivate a possible latent virus, mice (5 months after infection) were immunosuppressed by irradiation (720 rad Co) and subsequently sacrificed at intervals up to 60 days after irradiation. Examination of brain sections from these mice failed to demonstrate the reactivation of virus.
During long-term observations a number of mice, at 13 to 17 months after infection, became paralysed and were subsequently examined. Infectious virus could not be isolated directly from the brains but immunofluorescence studies revealed the presence of CDV antigens in the frontal lobes (Fig. 4) . Electron microscopy revealed the presence of typical paramyxovirus-like ribonucleoparticles, similar to those found in measles virus-induced subacute sclerosing panencephalitis (SSPE). At autopsy, the mice were found to have enlarged mesenteric lymph nodes. The nodes were shown by electron microscopy to contain ribonucleoprotein-type particles and were confirmed by immunofluorescence to be CDV-specific (Fig. 5) .
Obesity
During the course of the experiments on weanling mice, we noticed that 3 to 4 months after infection, up to 30~ of the mice (16/54 surviving the initial virus infection) were suffering from an obesity syndrome (Fig. 6) . This was not seen in control animals inoculated with brain extracts from non-infected mice. Immunofluorescence studies of the brain fiom these infected mice failed to detect the presence of virus antigens. To examine the possibility of a virus-induced autoimmune disease, the cerebrospinal fluid from the obese mice was examined for antipituitary antibodies. Immunofluorescence studies against normal pituitary gland failed to reveal antibodies in the cerebrospinal fluid.
DISCUSSION
In the present study, the passage of CDV in mice led to a more neurovirulent virus. During infection, the virus can interact with a number of types of differentiated cells, and the tropism of the virus may be controlled by the viral antigen responsible for cell attachment (Beaty et al., 1982; Coulon et al., 1982; Spriggs & Fields, 1982) . However, the subsequent course of infection may be controlled by several virus genes (Hrdy et al., 1982) . This may lead to the destruction of the cell or alternatively to a non-cytopathic persistent infection. In the latter case, an immunological response may be evoked as in the CDV mouse model, but the quantity of virus antigen expressed at the cell membrane may be modulated by the presence of the antibody (Fujinama & Oldstone, 1980) . Alternatively, as in the case of lymphocytic choriomeningitis virus-infected mice, no immunological response is produced and the virus persists in the growth hormone-producing pituitary cells. This leads to a diminished synthesis of growth hormone and retarded growth (Oldstone et al., 1982) . The mechanism whereby a virus shuts down the differentiated function of a cell is unknown.
Inoculation of mouse-adapted CDV into Swiss weanling mice led to meningitis (Lyons et al., 1980) . Viral antigens could be detected in the brains of surviving animals, for up to 5 months after infection. Although attempts to reactivate the virus by immunosuppression (5 months after infection) failed, a number of non-immunosuppressed animals became paralysed 13 to 17 months after infection and CDV antigens could be detected in the brain and mesenteric lymph nodes. This situation may be analogous to measles virus-induced SSPE where, as well as the neurological lesions, virus has been found in lymphocytes (Wrzos et al., 1979) and lymph nodes (Horta-Barbosa et al., 1971 ).
As we have previously reported and in agreement with the observations of Lyons et al. (1982) , 30~ of the animals surviving the initial infection suffered from an obesity syndrome. The level of virus antigen in the brain was too low to detect by immunofluorescence, although we did not rule out the possibility of an extra-cerebral site of replication. Lyons et al. (1982) showed that the levels of dopamine and norepinephrine were 2 to 3 times lower in the forebrain of the obese infected mice than the control. Miinzel & Koschel (1982) have shown that although the number of catecholamine receptors are unaltered in measles and CDV persistently infected ceils, there is an inhibition of catecholamine-dependent methylation of phosphatidyl ethanolamine to phosphatidylcholine. This pathway is involved in the synthesis of prostaglandins from arachidonic acid. Thus, its inhibition would ultimately affect the hormone balance. We have recently shown that whereas in uninfected cells arachidonic acid is incorporated mainly into the phospholipids, in measles virus persistently infected cells, it is channelled into triglycerides and free fatty acids (P. Anderton, T. F. Wild & G. Zwingelstein, unpublished results ). This would be a possible explanation for lack of sensitivity to catecholamine or other stimulation. Alternatively, infection of the adipocytes might lead to an increased storage of triglycerides, which is the normal form of stored fats in animals.
The present study of the CDV mouse model has revealed two important facets, a chronic neurological infection and also an obesity syndrome. The latter observation together with our in vitro results (P. Anderton, T. F. Wild & G. Zwingelstein, unpublished results) suggest that chronic virus infections can alter fatty acid metabolism leading to a metabolic disorder. It is now essential to identify the site of virus replication which influences the metabolic disorder.
